INTRODUCTION:
A major goal of HIV-1 vaccine development is to identify immunogens capable of inducing protective titers of broadly neutralizing antibodies (bNAbs) against circulating, neutralization-resistant (tier 2) viruses. The envelope glycoprotein (Env) trimer on the virus surface is the only bNAb target and accordingly serves as the basis for recombinant protein immunogens intended to induce bNAbs. We have engineered soluble, recombinant trimers based on the BG505 clade A and B41 clade B tier 2 viruses. These proteolytically cleaved and stabilized trimers, designated BG505 and B41 SOSIP.664 gp140, display multiple bNAb epitopes and have antigenic properties that mimic viral Env. Highresolution structures of the BG505 trimers reinforce this perspective. In contrast, other trimer designs (uncleaved gp140) that lack the SOSIP modifications and are based on eliminating the intersubunit proteolytic cleavage site adopt non-native configurations.
RATIONALE: To determine the NAb response elicited by native-like trimers, we immunized rabbits and macaques with BG505 SOSIP.664 gp140 proteins, and rabbits with their B41 counterparts. For comparison with the BG505 trimers, we also tested gp120 monomers and uncleaved gp140 proteins of the same genotype. We characterized the resulting antibody responses by quantifying their ability to neutralize the autologous tier 2 viruses and multiple heterologous tier 1 (neutralization-sensitive) and tier 2 viruses. We mapped the BG505 NAb responses using various techniques, including a large panel of Env-pseudotyped virus mutants.
RESULTS: BG505 SOSIP.664 trimers consistently induced potent NAbs against the autologous tier 2 virus in rabbits and similar but weaker responses in macaques. Cross-reactive NAbs against the more sensitive tier 1 viruses were also induced in all the immunized animals, but heterologous neutralization of tier 2 viruses was seen only weakly and sporadically. The rabbit responses to B41 SOSIP.664 trimers were qualitatively similar to those seen in the BG505 trimer recipients. The autologous tier 2 NAb titers to both SOSIP.664 trimers were greater than any such responses previously observed using various uncleaved gp140 proteins, including the BG505 version used in this study. The rabbit tier 2 and tier 1 NAb responses to the BG505 SOSIP.664 trimers were uncorrelated. Mapping studies showed the tier 2 NAbs recognized conformational epitopes that differed between animals. In some cases, these NAbs targeted components of the glycan shield previously associated with bNAb epitopes. In contrast, the tier 1 NAbs targeted linear epitopes in the gp120 V3 region.
CONCLUSIONS:
Although an autologous tier 2 NAb response is not sufficient for vaccine protection against HIV-1, it may be a necessary step in various strategies intended to induce bNAbs. Thus, our findings indicate that native-like trimers represent a promising starting point for the further development of recombinant Env immunogens intended to broaden the NAb response. The highresolution structures of SOSIP.664 trimers allow improvements to be rationally designed. Relevant strategies include the further stabilization of trimer-associated bNAb epitopes while reducing the antigenicity of V3 and other non-neutralizing epitopes that may be distractive; immunizing with longitudinal series of SOSIP.664 trimers from infected individuals who generate bNAbs; using trimer cocktails (e.g., from clades A, B, and C); and priming with trimer variants that trigger desirable germline responses before boosting with wild-type trimers.
A major goal of HIV-1 vaccine development is to identify immunogens capable of inducing protective titers of broadly neutralizing antibodies (bNAbs) against circulating viruses with a tier 2 or higher resistance profile (1) . Viruses with these characteristics are the most commonly transmitted strains of HIV-1, and hence they dominate new infections. The humoral immune response of infected individuals creates antibody-mediated selection pressure on the virus, which can generally only persist and be transmitted if it is antibody-resistant. A successful vaccine, then, must be able to induce antibodies that can counter the virus's evolved resistance mechanisms. In addition, the global sequence diversity among HIV-1 strains is so great that vaccine-induced antibodies should target relatively conserved sites and thereby possess breadth of action. A vaccine with the required properties must be based on the envelope glycoprotein (Env), as the gp120-gp41 trimer on the virus surface is the only bNAb target. After two or more years of HIV-1 infection,~20% of individuals develop bNAbs, which can serve as templates for vaccine design by exposing vulnerabilities in the viral defense mechanisms (1) . Because bNAbs usually evolve from strain-specific autologous NAbs via multiple cycles of viral escape and antibody affinity maturation [reviewed in (2, 3)], it is unlikely that bNAbs can be raised against any single Env protein of fixed antigenic composition. However, the induction of autologous NAbs to a tier 2 virus would be an excellent starting point for iterative vaccine design (3) (4) (5) (6) .
One or more of the bNAb epitopes present on native, virion-associated trimers are also found on various Env-based immunogens, including soluble, monomeric gp120s and multimeric gp140s that contain both the receptor-binding gp120 and fusion-enabling gp41-ectodomain (gp41 ECTO ) subunits. These various forms of Env are all derived from the viral gp160 precursor protein, which is proteolytically cleaved into the gp120 and gp41 ECTO subunits when it is processed within the cell and forms membrane-associated trimers. For practical purposes, most Env-based immunogens are made as soluble proteins by eliminating the membrane-spanning domain of gp160 and creating entities known as gp140s. In some cases, the gp41 ECTO domain is also removed to make a monomeric gp120 protein. The soluble gp140s oligomerize via interactions between their gp41 ECTO components. However, the oligomers are very unstable unless the construct is stabilized, either by eliminating the cleavage site between gp120 and gp41 ECTO to make a standard uncleaved gp140 protein, or by introducing specific trimer-stabilizing changes into the properly cleaved form of gp140. We have favored the latter strategy by making stabilized, cleaved trimers that are designated SOSIP.664 gp140s; the SOS term denotes an intermolecular disulfide bond engineered to link the gp120 and gp41 ECTO subunits, while IP signifies an Ile 559 → Pro point substitution that maintains the gp41 ECTO components in their pre-fusion form.
Here, we evaluated the immunogenicity of a SOSIP.664 trimer based on the BG505 clade A virus, which was isolated from a 6-week-old infant who later developed a bNAb response within~2 years of infection (7, 8) . We also tested, in less detail, a second SOSIP.664 trimer based on a clade B adult infection founder virus, B41 (9) . The BG505 and B41 SOSIP.664 trimers display multiple bNAb epitopes but few non-neutralizing Ab (non-NAb) epitopes that may serve as immunological distractions (9, 10) . The integrity and native-like appearance of the BG505 SOSIP.664 trimer, including its complex quaternary epitopes, were previously confirmed by high-resolution cryo-electron microscopy (cryo-EM) and x-ray crystallography structures, the first high-resolution depictions of the HIV-1 Env trimer (11) (12) (13) . In this study, we conducted animal immunization experiments to determine which NAb specificities can be induced by two different, native-like SOSIP.664 trimer mimics of the native Env spike, and we performed comparisons with gp120 monomers and standard designs of uncleaved gp140 immunogens.
Immunogenicity of BG505 SOSIP.664 trimers in rabbits
The various immunogens tested in this study are depicted schematically in fig. S1A along with their conformations, which are based on negativestain EM images that are strongly supported by antigenicity and by biophysical and glycan composition data (figs. S2 and S3) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Five different experiments were performed, four in rabbits and one in macaques ( fig. S1B ). In general, the immunization scheme was based on two closely separated initial doses (weeks 0 and 4), followed by a third dose after a prolonged rest period of usually 16 weeks (21) .
The first study, in rabbits, compared the immunogenicity of clade A BG505 SOSIP.664 trimers and gp120 monomers, both of which were produced in 293S GnT −/− cells (10, 12, 20 (14) (15) (16) (17) . In contrast, the BG505 and also B41 SOSIP.664 trimers are consistently regular, trilobed, propellershaped structures (9, 10, 14) . Finally, in rabbit experiment 4, we assessed the ability of SOSIP.664 trimers based on the clade B41 genotype and produced in CHO cells (9) to induce NAb responses against the autologous tier 2 B41 virus. The anti-gp120, anti-gp41, and anti-trimer binding antibody titers induced over time by the various Env proteins are summarized in fig. S4 . To quantify the NAb responses 2 weeks after the third immunization (i.e., at week 22 or, for some rabbits, week 26), we used the TZM-bl cell assay, which is based on transactivation of a luciferase reporter gene by an infecting virus ( Fig. 1 and  table S1 ). We were particularly interested in assessing the NAb response to the autologous (i.e., sequence-matched) BG505.T332N virus, as it has a neutralization-resistant tier 2 phenotype. Although almost all Env protein immunogens (e.g., gp120 monomers, uncleaved gp140s) can raise aac4223-2 10 50 ; TZM-bl cell assay) for sera from every immunized rabbit, arranged in the groups outlined in fig. S1 . For convenience, all 20 BG505 SOSIP.664 recipient rabbits (groups 1 and 4 to 7) were combined into one group. The dotted lines separate groups that were included in the same immunization experiment. Each panel lists the test virus, its tier classification, and the location of the testing laboratory (43) (see Materials and Methods for performance site abbreviations). For additional neutralization data on rabbit sera, see tables S1 and S2. (E to H) Each panel shows the 50% neutralization titers for individual macaque sera (TZM-bl assay; DUMC) against the specified virus for sera from all eight animals (organized by group) at week 26, and also from the four trimerimmunized animals (group 9) at week 54. The group 10 animals received no further gp120 immunizations after week 24. For additional neutralization data on macaque sera, see table S4. Note that the scales used for the 50% neutralization titers sometimes vary between panels. Negative-stain EM images of the gp140 immunogens are shown in fig. S2 and are the basis for the cartoon depictions shown in brown (BG505 Env) or yellow/blue (YU-2 gp140-Fd). The ISCOMATRIX adjuvant had no detectable adverse effects on the antigenicity of the trimers, assessed by ELISA, or on their appearance in negative-stain EM images ( fig. S3 ). *P < 0.05, ***P < 0.0005 by two-tailed Mann-Whitney test.
NAbs against various neutralization-sensitive tier 1 viruses, the induction of NAbs that are able to counter a tier 2 virus-even an autologous one-has been challenging. Could a nativelike trimer do better?
We found that all 20 sera from the BG505 SOSIP.664 trimer-immunized rabbits neutralized the autologous (i.e., sequence-matched) tier 2 virus BG505.T332N (10) , with titers that ranged from 39 to 7840 (median 570; Fig. 1A ). There was no discernible difference in the magnitude of the autologous NAb responses to the three different trimer glycosylation variants (Fig. 1A , groups 4 to 6). Sera from the BG505 gp120 monomer recipients also neutralized the autologous virus, although with a lower median titer of 270 (Fig.  1A, group 2) . BG505 gp120 is unusual, as it was selected to bind PG9 and is known to be atypically immunogenic (24) . It may also be relevant that BG505 gp120 was purified via a bNAb column (in this case 2G12), which may select for more native-like forms of gp120 relative to other methods. The uncleaved BG505 WT.SEKS gp140 induced no NAbs against the autologous BG505. T332N virus (median titer <20) (Fig. 1A , group 8), whereas the uncleaved YU2 gp140-Fd induced NAbs against the autologous, clade-B YU2 virus only weakly (median titer 36) (Fig. 1D, group 3) . The difference between the autologous tier 2 NAb responses to the native-like BG505 SOSIP.664 trimer and the non-native WT.SEKS gp140 was significant [P = 0.029 for the intra-experiment (n = 4 versus n = 4) comparison; P = 0.0002 when all 20 BG505 SOSIP.664 trimer recipients were included; two-tailed Mann-Whitney test] (Fig. 1A) . The poor responses to the WT.SEKS and YU2 proteins are consistent with multiple reports that various uncleaved gp140s are not able to induce NAbs that can neutralize autologous tier 2 viruses consistently in the TZM-bl cell assay (25) (26) (27) (28) (29) . The lack of an autologous NAb response to the BG505 WT.SEKS proteins implies that the BG505.T332N virus is not an atypically sensitive tier 2 virus that is vulnerable to any BG505 Envbinding antibodies. The inferiority of WT.SEKS gp140 to gp120 monomers may be because of formation of aberrant intra-and intersubunit disulfide bonds in uncleaved gp140s that create non-native gp120 moieties (30, 31) .
We conducted an additional rabbit immunogenicity experiment involving a second nativelike trimer, B41 SOSIP.664, based on a clade B tier 2 transmitted/founder virus ( fig. S1 ) (9) . Eight of 10 animals given these trimers responded by generating an autologous NAb response, with a median titer of 2535 ( Fig. 2A) . Heterologous tier 1, but not tier 2, NAb responses were induced in all 10 rabbits. Hence the rabbit response to the B41 trimers is qualitatively similar to what was induced by their BG505 counterparts. The median autologous titers against these two versions of fully native-like SOSIP.664 trimers (BG505, 570; B41, 2535; combined group, 1199) exceeded those reported to confer 50% and 80% protection (105 and 329, respectively) in macaque passivetransfer experiments (32) (Fig. 2A) . Rabbit immunization experiments were conducted several years ago using earlier generations of SOSIP.681 trimers based on the JR-FL and KNH1144 genotypes (33, 34) . Autologous tier 2 NAbs were only inconsistently induced in those experiments. However, those trimers, although cleaved, were either not fully native-like (JR-FL) or prone to aggregate formation (KNH1144), which may account for their poor immunogenicity.
To gain an additional perspective on the magnitude of the autologous NAb titers to the BG505 and B41 SOSIP.664 trimers, we compared them with previously reported animal immunization data derived using four uncleaved gp140 proteins based on env sequences from the tier 2 viruses 92UG037.8, Q461e2, Q168a2, and CZA97.012 (25, 26) (Fig. 2A) . We also included the autologous NAb titers for the YU2 gp140-Fd and BG505 WT.SEKS immunogens shown in Fig. 1A . The four additional uncleaved gp140s were of standard designs that are known or expected to resemble the negative-stain EM images of the uncleaved YU2 gp140-Fd and BG505 WT.SEKS gp140s shown in fig. S2 (14, 16, 19 (26); n = 6], YU2 gp140-Fd (this paper; n = 4; table S1), CZA97.012 gp140-Fd [(25); n = 15], BG505 gp140 (WT.SEKS; this paper; n = 4; table S1), BG505 SOSIP.664 (this paper; n = 20; table S1), and B41 SOSIP.664 (this paper; n = 10). To minimize the impact of cross-study variables, we restricted the comparison to immunization of small animals (rabbits and guinea pigs), to Env proteins based on tier 2 viruses, and to data generated using the TZM-bl assay under broadly similar conditions. In the rightmost two columns, all the data points for each of the uncleaved gp140s (red symbols) are plotted to allow a statistical comparison with the combined BG505 and B41 SOSIP.664 trimer groups (blue symbols). The difference in the median values is highly significant (P < 0.0001 by two-tailed Mann-Whitney test). The dotted and dashed lines denote titers of 105 and 329 that are reported to confer 50% and 80% protection, respectively, to macaques in passive transfer experiments (32) uncleaved gp140 groups (median titer <20, range <20 to 55; n = 50 animals), the difference was highly significant (P < 0.0001, two-tailed MannWhitney test). The magnitude of the difference between the response to the SOSIP.664 trimers and the response to the other Env proteins is so great that immunization protocol variations (such as dosing, schedule, the use of priming vectors, and the identity of the adjuvant) are unlikely to be responsible. Thus, such variables typically influence tier 1 NAb titers by a few multiples but do not make the immunogens capable of inducing autologous tier 2 NAbs.
Sera from BG505 SOSIP.664 trimer-immunized rabbits were usually ineffective against heterologous, neutralization-resistant tier 2 viruses, although we did see some sporadic neutralization at low IC 50 titers of 30 to 100 ( Fig. 1D and tables S1 and S2). The rabbit sera did, however, consistently neutralize more sensitive heterologous tier 1 viruses from different clades, including the ultrasensitive tier 1A viruses MW965.26 (clade C; ; table S1 ). The TZM-bl assay titers in the 1000s and 100s for the tier 1A and 1B viruses, respectively, are comparable to or greater than titers reported from multiple animal studies of various monomeric gp120 or uncleaved gp140 proteins, as are the negligible titers against heterologous tier 2 viruses (16, (25) (26) (27) (28) (29) 35) . Overall, the tier 1 NAb responses to the BG505 SOSIP.664, gp120 and WT.SEKS gp140 immunogens were generally similar ( Fig. 1 , B and C, and table S1). Hence, what distinguishes the native-like SOSIP.664 trimers from the other two Env immunogen designs is not their ability to induce an antibody response per se, but rather the elicitation of a consistent and strong NAb response against the autologous tier 2 virus.
Tier 1 and tier 2 NAb titers do not correlate
To gain an understanding of why the native-like trimers differed from the other Env proteins, we analyzed various aspects of the antibody responses. First, we compared the emergence of heterologous tier 1 (MN, SF162; clade B) and autologous tier 2 (BG505.T332N) NAbs with anti-gp120 and anti-trimer binding antibodies [i.e., enzyme-linked immunosorbent assay (ELISA) titers] in the BG505 SOSIP.664 trimer-immunized rabbits over time ( fig. S5, A and B) . The trimerbinding responses were initially lower than those to gp120 but became comparable after four immunizations. Autologous tier 2 NAbs were detected only rarely and weakly after two immunizations, but strongly and consistently after three immunizations ( fig. S5B) . The NAb titers then declined, with kinetics comparable to the binding antibody responses, but were boosted again after the fourth immunization. The tier 1 and autologous tier 2 NAb responses waxed and waned with broadly similar kinetics ( fig. S5B ).
The NAb titers to the three tier 1 viruses (MN.3, SF162, and MW965.26) induced in the 20 rabbits 2 weeks after the third immunization with BG505 SOSIP.664 trimers strongly correlated with one another (Fig. 2B and fig. S5 , C and D). In contrast, the autologous tier 2 titers did not correlate significantly with the heterologous tier 1 titers induced in the same rabbits at the same time ( Fig.  2C and fig. S5 , E and F). The correlation plots suggest that different NAb specificities mediate the tier 1 and autologous tier 2 responses, as we confirmed experimentally (see below). One implication is that inducing a tier 2 response will not be achieved simply by increasing the titer of tier 1 NAbs, as entirely different antibody specificities and B cell subsets are probably involved.
We also sought associations between NAb and binding antibody titers in the same set of 20 rabbits. The autologous tier 2 NAb titers were correlated with the anti-trimer titers ( Fig. 2D ; r = 0.66, P = 0.0015), but not with the anti-gp120 titers ( fig. S5K) . Conversely, the tier 1 NAbs were strongly correlated with the anti-gp120 titers but not at all or only very weakly with the anti-trimer titers ( Fig. 2E and fig. S5 , H to J, L, and M). The anti-gp120 and anti-trimer titers were not significantly correlated ( fig. S5G ). The data trends suggest that tier 1 NAb responses are associated with strong binding antibody responses to gp120 monomers. The significant correlation between the BG505.T332N NAb titer and the anti-trimer titer, but not the anti-gp120 titer, again implies that the quaternary structure of a native-like trimer is beneficial for inducing tier 2 NAbs. The non-native WT.SEKS gp140 induced anti-gp120 antibodies efficiently but induced anti-trimer antibodies very poorly ( fig. S4 , A to C).
Autologous tier 2 and heterologous tier 1 Nabs target different epitopes
We used multiple techniques to gain insights into the various epitopes targeted by the tier 1 and tier 2 NAbs in sera from the BG505 SOSIP.664 trimer-immunized rabbits. First, we performed neutralization assays in the presence of several antigens that could potentially bind and thereby deplete various NAb specificities. These competitors included linear peptides derived from the first, second, and third (V1, V2, and V3) variable loops of Env, a V3-Fc construct, a V1V2 scaffold, a gp41 protein, CD4 binding-defective gp120-D368R monomers and SOSIP.664-D368R trimers, and the resurfaced stabilized core 3 (RSC3) CD4 binding site (CD4bs)-mimetic protein ( Table 1 ). The gp120-D368R monomers and SOSIP.664-D368R trimers absorbed the autologous NAbs comparably and completely, implying that the target epitope(s) are well presented on the isolated gp120 subunit (Table 1 and fig. S6 ). As residue D368 is a key element of the CD4bs, the inhibitory effect of the two Env-D368R mutants, combined with the lack of effect of the RSC3 protein, implies that the autologous NAbs are unlikely to target the CD4bs directly (Table 1) . Truncated gp120-D368R variants lacking the V1, V2, V3, or V1V2 domains were effective competitors for the autologous NAbs, but the variable loop-based peptides or protein constructs and the gp41 proteins were generally inactive (Table 1) .
Although the V1/V2 and V3 regions were not generally the targets for autologous NAbs, a noteworthy exception was rabbit 1412. Here, the NAbdepleting effect of the gp120-D368R monomer was completely lost when any of the V1, V2, V1V2, or V3 regions was deleted, but the linear V1, V2, and V3 peptides and the V1V2-scaffold protein were ineffective competitors (Table 1) . Hence, the relevant epitope seen by serum 1412 is not present on simple mimics of the V1, V2, and V3 regions (i.e., peptides and scaffolds), but its formation requires that all three variable regions are present on a gp120 monomer or the gp120 subunits of the native trimer.
Peptide serology confirmed that some antitrimer antibodies recognized the V3 region ( fig.  S7A ). Env trimers undergo conformational transitions that expose V3 both on the virus and on its engineered SOSIP.664 counterparts in vitro (9, 10, 36 (35, 37) . Deleting the V3 region consistently reduced the ability of the gp120-D368R protein to deplete trimer-induced tier 1 Nabs, but not autologous NAbs (Table 1 and fig.  S7 , B to D). We conclude that V3 peptide-reactive antibodies raised against the clade-A trimer crossneutralize tier 1 viruses but do not neutralize the autologous tier 2 virus, which is consistent with the lack of correlation between tier 1 and tier 2 NAb titers ( Fig. 2B and fig. S5 , C and D) and the resistance of BG505.T332N to V3 monoclonal antibodies (mAbs) that neutralize tier 1 viruses (10).
To gain further insight into the autologous NAb response, we tested sera from the nine trimerimmunized rabbits with the highest titers against BG505.T332N against 109 mutants of this virus with single alanine point substitutions of gp120 residues. We sought variants with reduced neutralization sensitivities as a result of sequence changes that affected key epitope(s). The neutralization profile across the virus panel was unique for each serum, showing that the autologous response was different, wholly or in part, in each animal (table S3) . The data derived from the mutant panel for all nine rabbits were mapped onto the BG505 SOSIP.664 trimer structure (Fig. 3) . Multiple alanine substitutions affected BG505.T332N neutralization. In general, the substitutions with the most impact were clustered at the trimer apex and the gp120 outer domain (OD), including the periphery of the CD4bs, an exception being that serum 1257 was sensitive to the loss of the glycan at C1 residue N88 (Fig. 3 , side views). Among individual rabbits, 1274 was affected by mutations in V1, V2, C3, and V5; 1410 by C2, C3, V4, and C5 substitutions; and 1412 by V1, V2, and C5 changes. Among the most frequent aac4223-4 10 JULY 2015 • VOL 349 ISSUE 6244 sciencemag.org SCIENCE and largest effects (factor of >5 titer reduction for >5 sera) were changes at L125 (C1); R166 and K168 (V2); P299, R304, and K305 (V3 base); and I420, K421, and Q422 (C4). Autologous NAbs present in seven of nine rabbit sera were sensitive to changes in one or both of the basic R166 and K168 residues in V2 b strand C. These residues are important for forming the epitopes targeted by the bNAbs PG9, PG16, and VRC26 (6, 38), but it is possible they have more distant effects on the conformation of other epitopes.
In rabbit 1412, the autologous response was directed against a conformational epitope involving all three of the V1, V2, and V3 regions and also influenced by N137, N156, and K168 (Table 1, Table 2, and table S3 ). This sensitivity pattern is akin to a PG9/16-like response, except for the lack of dependency on glycan N160 at the trimer apex. Hence, the autologous NAb response in rabbit 1412 may involve PG9/16-like or VRC26-like antibodies with narrow specificity. The gp120 OD, particularly residues in C3 and C4, was targeted in several rabbits. The depletion experiments with the 7C3 gp120-D368R protein also implicate C3 residues 354 to 363 as direct or indirect influences on the epitope(s) recognized by the autologous NAbs in rabbit sera 1254, 1256, 1274, 1283, and 1285 (Table 1 and Fig. 3 ). Of note is that BG505.T332N neutralization was adversely affected by mutations that eliminated various OD glycan sites including N185, N301, and N462 (rabbit 1274); N332, N392, and N398 (rabbit 1410); and N137, N156, and N386 (rabbit 1412). We are not aware of the induction of NAbs to glycan-dependent epitopes by gp120 monomers or non-native gp140 proteins.
We used a competition ELISA to study whether the BG505 SOSIP.664, WT.SEKS gp140, or gp120 proteins had induced Abs that could block the trimer binding of various bNAbs (39) . Several sera from SOSIP.664 or gp120 recipients reduced the binding of CD4bs bNAbs CH103 and VRC01, and also CD4-IgG2, by >50%, whereas sera from WT.SEKS gp140 recipients had no such effect ( fig. S8A ). The inhibition of CH103 and VRC01 binding correlated with BG505.T332N neutralization, which suggests that at least some serum antibodies mediating the autologous response do so by impeding access to the CD4bs ( fig. S8B ). However, taken together, the virus mutant data and neutralization-depletion experiments with the RSC3 and gp120-D368R proteins imply that such antibodies do not target the CD4bs directly (Tables 1 and 2 ). We note that when the PGT135 bNAb binds to its V3 glycan-dependent epitope on the trimer, it reorients other glycans so that they now occlude the CD4bs (39, 40) . The PGT135 epitope on the trimer is proximal to residues implicated in the autologous NAb responses for rabbits 1274, 1410, and 1412 ( Fig. 3 and fig.  S8A ). Narrow-specificity NAbs with broadly similar properties to PGT135, including glycan dependency, that indirectly impede access to the CD4bs may be present in some rabbit sera.
The competition ELISA also showed that sera from some trimer-immunized rabbits inhibited the binding of bNAbs 35022 and 3BC315 to their trimer epitopes at the gp120-gp41 interface or gp41, whereas sera from gp120-or WT.SEKS-immunized rabbits did not ( fig. S8A ). Some autologous NAbs may therefore directly or indirectly occlude epitopes near the bottom of the trimer. Overall, the competition ELISA data confirm that multiple epitopes on the BG505 SOSIP.664 trimer are immunogenic in rabbits, and imply that the trimers were generally more efficient than gp120 and WT.SEKS gp140 proteins at inducing Abs capable of inhibiting bNAb-trimer interactions ( fig. S8A) .
Comparison with the NAb response induced by the BG505 virus in the infected infant
As our long-term goal is to devise an immunization regimen that can induce bNAbs, we compared the autologous NAb response against the BG505 SOSIP.664 trimers in rabbits with the much broader response that developed in the infant from whom the BG505 virus was isolated (8) (see Materials and Methods). The infant's week 14 serum weakly neutralized the BG505 virus, but not BG505.T332N, and completely lacked heterologous neutralization activity even against the tier 1A virus SF162 (Table 3) (Table 3) . Thus, the recombinant trimers induced NAb responses in rabbits that are similar, but not identical, to the primary infection response of the human infant; autologous NAbs were present in both species.
To guide immunogen design, we studied how BG505 Env sequences evolved in the infant. As expected, the month 27 sequences were highly divergent (9%) from those of week 6. In particular, multiple changes within a 10-residue stretch of C3 (residues 354 to 363) imply a strong selection pressure on this region (fig. S9) . The predominant month 27 sequence had seven C3 changes: G354E, D356, T357K, I358T, R360I, A362T, and N363K (which removed a glycan site). A gp120-D368R variant containing all seven changes (termed 7C3) was unable to deplete autologous NAbs from sera of five of the 13 test rabbits (numbers 1254, 1256, 1274, 1283, and 1285) but was active against the other eight (Table 1) . This variant also did not deplete autologous NAbs from gp120-immunized rabbit sera 1267 and 1268. These findings underscore similarities in how the humoral immune systems of the two species respond to BG505 Env.
Immunogenicity of BG505 SOSIP.664 trimers in rhesus macaques
In a pilot study, we compared the immunogenicity of BG505 SOSIP.664 trimers and gp120 monomers in rhesus macaques ( fig. S1 ). Three of four sera neutralized the autologous BG505.T332N virus at week 26 (median titer, 78), while none of four sera from gp120-immunized animals did so ( Fig. 1E and table S4 ). By week 54, the median autologous titer in the macaques approached that in the rabbits at weeks 22 to 26 (i.e., 203 versus 570) (Fig. 1E and table S4 ; compare to Fig. 1A) . As the anti-gp120 and anti-trimer ELISA titers in the macaques were lower than in the rabbits by a factor of~5 ( fig. S10, A and B; compare to  fig. S4A ), a stronger adjuvant might be advantageous. NAb titers against tier 1 viruses MW965.26 and MN.3 were similar at the week 26 and week 54 time points and did not differ markedly between trimer and monomer groups at week 26 ( Fig.  1, F and G) . None of the eight sera neutralized the heterologous tier 2 clade C virus Ce1176 (Fig. 1H ).
aac4223-6 10 JULY 2015 • VOL 349 ISSUE 6244 sciencemag.org SCIENCE Fig. 3 . Autologous tier 2 NAb responses in sera from BG505 SOSIP.664 trimer-immunized rabbits mapped onto the trimer structure. Neutralization data derived when sera from the indicated rabbits were tested against a panel of BG505.T332N virus mutants are shown in table S3. Residues in gp120 where Ala substitutions reduce neutralization by a factor of 5 to 10 and by a factor of >10 are colored orange and red, respectively, on the BG505 SOSIP.664 crystal structure (PDB ID: 4TVP). Each rabbit serum, denoted by a fourdigit number, is mapped individually. In each case, the first row is a top view of the trimer, the second row a side view. The glycosylation sites that affect neutralization by rabbit sera 1257, 1274, 1410, and 1412 are labeled. For comparison, the bottom two panels illustrate the positions of glycans (red), the glycans resolved in the crystal structure (green), the seven amino acid substitutions that were under selection pressure in the BG505 infant (7C3, red), and the footprints (within 3 Å) of the bNAbs VRC01 and CH103 (both to the CD4bs), PG9, and PGT135 (all side views, except for PG9, top view).
In the competition ELISA, sera from trimerimmunized macaques induced stronger bNAbblocking responses than gp120 recipients, including
Abs that reduced access of CH103 and VRC01 to the CD4bs and, to a lesser extent, of PGT145 to the trimer apex ( fig. S8A ). In addition, the BG505 gp120-D368R protein, but not its 7C3 variant, depleted BG505.T332N NAbs from rh1987 sera ( test serum (fig. S9) . In columns 4 and 5, ND = not done (the serum was not tested against the mutant virus panel). In columns 4, 6, and 7, a blank entry indicates that the assay was performed, but the outcome was uninformative.
Immunogen
Producer cell rabbits, the C3 region is involved in this autologous response.
293S + EndoH

Conclusions
Inducing high titers of autologous tier 2 NAbs may be a necessary first step in the elicitation of bNAbs (3) (4) (5) (6) . The strong and consistent autologous response to the BG505 and B41 SOSIP.664 trimers reflects their native-like structure, homogeneity, stability, and antigenicity, as well as the immunogenicity of the BG505 virus in the infected infant (8, 9, 12, 14, 17) . Taken together, the mapping studies show that multiple specificities contribute to the autologous NAb responses against the BG505 trimers, including antibodies that recognize glycan-influenced epitopes. If a polyspecific response could be achieved in humans, it might provide broader coverage against circulating viruses, but a human vaccine must generate a more broadly neutralizing response than we report here. The native structure of SOSIP.664 trimers allows candidate immunogens to be rationally redesigned to try to improve immunogenicity. Relevant but not mutually exclusive strategies include (i) introducing sequence changes to increase the stability of the trimer apex and associated bNAb epitopes while reducing the antigenicity of V3 and other non-NAb epitopes that may be immunologic distractions; (ii) immunizing with sequential SOSIP.664 trimers based on later-arising BG505 sequences or cocktails of different trimers (e.g., from clades A, B, and C, etc.) (9); or (iii) priming with trimer variants that trigger desirable germline responses (4, 5, 41, 42) . Overall, our results strongly validate the concept of using native-like trimers and structural information to create an HIV-1 vaccine that induces bNAbs.
Materials and methods
Immunogens and immunizations
The BG505 SOSIP.664 trimers, gp120 monomers, and WT.SEKS uncleaved gp140 proteins were all produced and purified as reported previously (10, 14, 20) . Unless specified, the proteins were expressed in HEK293T cells by transient transfection and purified via a 2G12 mAb affinity column followed by size exclusion chromatography (SEC). Protein purities and properties were comparable to those described elsewhere (10, 14, 20) . BG505 SOSIP.664 trimers were also expressed in HEK293S cells that lack N-acetylglucosaminyltransferase I (GnTI
−/−
). The resulting Env proteins bear glycans that are not fully processed and remain in oligomannose form (22, 23) . Samples of the 293S cell-derived trimers were treated with the EndoH glycosidase, as previously described, to reduce their total glycan content (23) . The clade B B41 SOSIP.664 and B41 SOSIP.664-D7324 trimers were produced from stable CHO cell lines that were cultured in 0.5% serum (9) . The trimers were purified by 2G12 affinity chromatography followed by SEC, as described elsewhere; the extent of V3-clipping was negligible (9) . The YU2 gp140-Fd protein was made in HEK293T cells under contract for IAVI by G. Stewart-Jones (University of Oxford), as described (44). 
BG505 viruses and serum
The BG505 infant was HIV-1 DNA-negative at birth, but DNA-positive 6 weeks later, suggesting that infection occurred within this window (8) . The sequence of a week 6 clone is the basis of the BG505 SOSIP.664 protein construct, in which a T332N substitution was made to restore bNAb epitopes that require the N332 glycan (7, 8, 10, 24) . The same change was made to create the BG505. T332N variant of the week 6 BG505 virus (10) . Serum samples were available from week 6, week 14, and month 27.
ELISA reagents and procedures
The D7324-epitope-tagged version of BG505 SOSIP.664, referred to as SOSIP.664-D7324, and BG505 gp120 with a reconstructed D7324 epitope in C5, were made as described previously (10) . JR-CSF gp120 was prepared by D. Kubitz at the Scripps Center for Antibody Development and Production (La Jolla, CA) using transient transfection of HEK293F cells, and purified by Galanthus nivalis lectin (Vector Labs, Burlingame, CA) affinity chromatography followed by SEC using a Sephacryl S200HR column. Anti-gp120 and anti-trimer ELISAs using the above proteins as antigens were performed as described previously (10) . The C-terminal His-tagged BG505 SOSIP.664-His trimer was prepared as described previously (17, 37) . His-tagged BG505 gp41 (gp41-His) was produced as follows: A His-tagged version of the BG505 IP.664 gp140 protein, which is based on the SOSIP.664 construct but with the SOS disulfide bond omitted (14) , was expressed in the presence of excess furin in 293F cells. The protein was purified via the His-tag using Ni-NTA chromatography with elution using 250 mM imidazole, followed by three rounds of negative selection using a 2G12 bNAb column to remove any residual gp120 or uncleaved gp140 proteins. The purified gp41 protein bound the gp41-specific non-NAb F240 efficiently, but did not bind 2G12 or VRC01, indicating that contaminant gp120 or gp140 proteins were not present (data not shown). The gp41 protein also did not bind the PGT151 or 3BC315 bNAbs, suggesting that it was not in a pre-fusion conformation (37, 47) . Ni-NTA ELISAs using Histagged trimers and the gp41 protein were performed as described elsewhere (37) .
For bNAb competition ELISA experiments, rabbit or macaque sera (1:100 dilution) were incubated with D7324-captured BG505 SOSIP.664-D7324 trimers for 1 hour. A biotinylated bNAb was then added at a concentration sufficient to give~80% of the maximum binding signal, as assessed in a prior titration experiment (i.e., with no competitor present). The bound bNAb was detected using horseradish peroxidase (HRP)-labeled streptavidin. As the PGT151, 35O22, and 3BC315 bNAbs, and also CD4-IgG2, could not be biotinylated without impairing their binding activity (37) we detected unlabeled human bNAbs using an HRPlabeled donkey anti-human IgG conjugate that was minimally cross-reactive with rabbit IgG (Jackson Immunoresearch, Westgrove, PA). The latter assay format was unsuitable for macaque sera because the anti-human antibody cross-reacted with macaque IgG. As a result, it was not possible to test the macaque sera for inhibition of PGT151, 35O22, 3BC315, or CD4-IgG2 binding to the trimer.
To analyze the relative titers for serum antibody binding to conformational vs. linear epitopes, trimers (0.1 mg/ml) or monomers (0.03 mg/ml) were denatured by heating for 5 min at 99°C in 50 ml of TBS, 10% FCS, 1% SDS, and 50 mM DTT (sodium dodecyl sulfate, SDS; dithiothreitol, DTT). The samples were then diluted by a factor of 140 in TBS and 10% FCS to prevent SDS and DTT from interfering with the ELISA. The use of both SDS and DTT ensures that the Env proteins are fully denatured by heat treatment (48) . The native or denatured proteins were then used in a D7324-capture ELISA, essentially as described elsewhere (10, 48) . The relative reduction of binding to the denatured versus native Env proteins was calculated using the half maximal binding values (EC 50 ).
Neutralization assays
TZM-bl cell neutralization assays using Envpseudotyped viruses were performed at six sites. For additional information on the assay and all supporting protocols, see www.hiv.lanl.gov/ content/nab-reference-strains/html/home.htm. The performance sites were as follows: HMS, Harvard Medical School, and DUMC, Duke University (51)]. The Env-pseudotyped viruses and their tier classifications have been described elsewhere (8, (52) (53) (54) (55) , as have the BG505.T332N and BG505 Env-pseudotyped viruses (8, 10, 24) . The BG505.T332N Env-pseudotyped virus was used except when the test virus is specifically stated to be BG505 (i.e., without the T332N substitution). Also note that the MN Env-pseudotyped virus used at DUMC is designated MN.3. We did not use the A3R5 cell assay because of our concerns that it produces false positive, and hence misleading, detection of NAbs to tier 2 viruses.
Tier categorization of the BG505.T332N and B41 Env-pseudotyped viruses was based on the neutralization sensitivity to a panel of mAbs directed against various epitopes as well as a panel of sera from humans infected with clade A viruses, in comparison with previously tiered viruses (52) . Data on BG505.T332N sensitivity to another panel of 50 mAbs can be found elsewhere (10) . For both viruses, the tier classification experiments were performed at DUMC. We constructed a set of BG505.T332N alanine mutants for mapping NAb responses (table S3) .
Neutralization depletion experiments
Proteins for neutralization depletion experiments [BG505 gp120-D368R and variants; BG505 SOSIP.664-D368R; RSC3 (56)] were expressed transiently in HEK293F cells and purified by 2G12-affinity chromatography. All reagents were based on the BG505 sequence, except for the RSC3 protein. The D368R change was introduced to ensure that the gp120 or SOSIP.664 gp140 proteins do not bind to CD4 on the cell surface and thereby inhibit HIV-1 infection competitively. ELISA experiments confirmed that the D368R substitution strongly reduced the binding of CD4 and several CD4bs bNAbs to BG505 gp120. The gp120-D368R 7C3 reagent contains seven amino acid changes in C3 (G354E, D356, T357K, I358T, R360I, A362T, and N363K) based on the month 27 sequences from infant BG505 (fig. S9 ). Substitutions and deletions were made using the Quickchange mutagenesis kit (Agilent, Santa Clara, CA). The plasmid expressing RSC3 (donated by P. Kwong and J. Mascola, NIH/VRC, Bethesda, MD) has been described elsewhere (56) . The basis for the design of the BG505 V1V2-scaffold protein has also been described (57) . The protein was expressed in HEK293S GnTI −/− cells and purified via its C-terminal 6×His tag using Ni-NTA chromatography and NiCl 2 elution, followed by SEC on a Superdex 200 column. The theoretical MW of the scaffold, including glycans, is~25 kD. BG505-derived peptides with the following sequences were purchased from Genscript (Piscataway, NJ): V1: TNVTNNITDDMRGELKN; V2 (5 overlapping peptides): MTTELRDKKQKVYSL, DKKQKVYSLFYRLDV, YSLFYRLDVVQINEN, LDV-VQINENQGNRSN, ENQGNRSNNSNKEYR; V3: TRPNNNTRKSIRIGPGQAFYATGDIIGDIRQAH; C1-V1: VKLTPLCVTLQCTNVTNNITDDMRGELKN.
To characterize the specificities of NAb responses induced in the rabbits, we incubated competitor Env proteins or peptides with appropriately diluted sera (total volume 25 ml) for 1 hour at 37°C. The competitor Env proteins were present at a concentration of 40 mg/ml except for the V1V2-scaffold protein (20 mg/ml). The competitor peptides were also used at 40 mg/ml, except that each individual component of a cocktail of 5 overlapping V2 peptides was present at 20 mg/ml. The Env-pseudotyped virus was then added to the serum-competitor mixture for 1 hour before infection of TZM-bl target cells was initiated. The rest of the assay was carried out as described above and elsewhere (10) . Neutralization titers were expressed as the reciprocal serum dilution that caused 50% inhibition of virus infection (IC 50 ). The extent of neutralization depletion by the added competitor was expressed as the relative reduction in the IC 50 value.
Pepscan analysis
15-mer peptides, overlapping by 14 residues, from the BG505 SOSIP.664 as well as the unmodified BG505 gp140 sequences, were synthesized by Fmoc coupling on the solid support of a Pepscan hydrogel (58) . The peptide libraries were probed with heat-inactivated human sera, at a 1:1000 dilution. After extensive washing, a goat anti-human HRP conjugated secondary antibody was added, followed by color development using 2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic acid). A charge-coupled device camera was used to quantify the absorbance at 405 nm. For every individual Pepscan dataset, the data were normalized to the average signal intensity derived from the overall analysis.
Negative-stain electron microscopy
The BG505 WT.SEKS, BG505 SOSIP.664, and YU2 gp140-Fd proteins, as well as ISCOMATRIX adjuvant-formulated BG505 SOSIP.664 trimers, were analyzed by negative-stain EM. Samples were prepared for analysis as described (10, 14) . Briefly, a 3-ml aliquot containing~0.01 mg per ml of protein was applied for 5 s onto a carbon-coated 400 Cu mesh grid that had been glow-discharged at 20 mA for 30 s, then negatively stained with 2% (w/v) uranyl formate for 60 s. Data were collected using an FEI Tecnai T12 electron microscope operating at 120 keV, with an electron dose of~25 e -/Å 2 and a magnification of 52,000× that resulted in a pixel size of 2.05 Å at the specimen plane. Images were acquired with a Tietz TemCam-F416 CMOS camera using a nominal defocus range of 900 to 1300 nm.
Data processing methods were adapted from those used previously (10, 14) . Particles were picked automatically using DoG Picker and put into a particle stack using the Appion software package (59) . Initial, reference-free, two-dimensional (2D) class averages were calculated using particles binned by two via Iterative Multivariate Statistical Analysis (MSA)/Multi-reference Alignment (MRA) and sorted into classes (60) . Particles corresponding to trimers were selected into a substack and binned by two before another round of reference-free alignment was carried out using Iterative MSA/MRA and Xmipp Clustering and 2D alignment algorithms (61) .
